Introduction
The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), a space-borne twowavelength (532 nm and 1064 nm) and polarization-sensitive lidar (with cross-polarized and co-polarized channels at 532 nm), is the primary payload instrument on the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite. The CALIOP lidar was designed to provide the observations necessary for an improved understanding of the impact of clouds and aerosols on the Earth's radiation budget and climate [1] [2] [3] . Current analyses indicate a potential of CALIOP lidar for quantifying global ocean carbon stocks [4, 5] and ocean subsurface backscatter [6] [7] [8] as well.
For the CALIOP near nadir (0.3° or 3° off nadir angles) measurements, the ocean surface attenuated backscatter is about 30 times stronger than the subsurface backscatter [8, 9] , which makes it difficult to separate the subsurface backscatter from ocean surface backscatter [6, 10] . Behrenfeld et al. quantified the global ocean phytoplankton biomass and total particulate organic carbon stocks using CALIOP near nadir measurements, where the ocean surface backscatter was estimated from co-located Advanced Microwave Scanning Radiometer-EOS (AMSR-E) ocean surface wind speed and CloudSat microwave measurements, and particulate depolarization ratio in water was evaluated using MODerate-resolution Imaging Spectroradiometer (MODIS) monthly diffuse attenuation coefficients [4] . Lu et al. estimated the profile of ocean subsurface backscatter by a de-convolution process to remove the contamination by the surface backscatter [6] . Churnside et al. [7] showed evidence of ocean subsurface backscatter based on the delay and broadening of the cross-polarized signal relative to the co-polarized signal in the three near-surface range bins.
However, if the lidar is pointed 30° off nadir, the ocean surface signal is reduced by more than two orders of magnitude and CALIOP lidar can then accurately measure ocean subsurface backscatter. The objective of this study is to estimate the ocean subsurface lidar backscatter and particulate backscattering coefficient b bp from CALIOP 30° off nadir observations. This study also provides a way to calculate the volume scattering function (VSF) at the 180° scattering angle, which is difficult to measure in practice due to the complex design of instrument especially at far backward angle near 180°.
Method
The ocean layer-integrated attenuated backscatter (unit: sr γ term provides an accurate estimate of the total signal attenuation between the lidar and the Earth's surface. In this paper, clear sky cases are defined as single laser shot measurements having the integrated attenuated backscatter (IAB) at 532nm of the column above the surface lower than 0.017/sr [15] . The use of IAB <0.017/sr warrants the air column is sufficiently clear and clean. The second term in the numerator of Eq. (2) stands for the surface contribution to the 532 nm subsurface backscatter, which was estimated using 1064 nm observations as its subsurface signals are near zero due to strong absorption by water at 1064 nm. Observations suggest that ocean surface backscatter at 532 nm is about 30% less than ocean surface backscatter at 1064 nm due to more atmospheric attenuation and ozone absorption at 532 nm [8] . 
where the final factor 532/443 in Eq. (4) relates b bp at 532 nm to b bp at 443 nm assuming a spectral slope of −1 for particulate backscattering coefficient [25, 26] . Collectively, Eq. (2), (3) and (4) provide the link between space-born lidar measurements and passive ocean color imagery, which will be shown in the next section. Compared with the methods using colocated AMSR-E wind speed to estimate the ocean surface backscatter [4, 6, 9, 10] , the advantage of the new method is that the ocean surface contribution at 532 nm is estimated directly from CALIOP 1064 nm observations and values of particulate depolarization ratio in water and CALIOP's receiver transient response are not required. Moreover, Eq. (3) provides a way to calculate the Volume Scatter Function (VSF) at the 180° scattering angle β p (π). In practice, it is difficult to measure the full VSF (0°-180°) due to two reasons, one is the complex design of instrumentation required to make a large number of discrete measurements over a broad angular range especially at the near forward 0° and far backward 180° scattering angles, and the other one is the large dynamic range in signal (typically greater than 4 orders of magnitude) that must be resolved [23] .
Results
The CALIOP lidar was tilted 30° off-nadir in order to minimize ocean surface backscatter and demonstrate the lidar ocean subsurface measurement concept from space [8] . The red, pink, green, yellow and black lines in Fig. 1 The CALIOP retrieved results on July 17 2014 are shown in Fig. 3 with the upper panel giving the CALIOP retrieved ocean subsurface layer-integrated backscatter γ t (sr −1 ) at 532 nm (blue dots) from Eq. (2) and co-located MODIS remote sensing reflectance (R rs ) at 531 nm (red dots). MODIS remote sensing reflectance is the fundamental quantity to be derived from ocean color sensors because it provides the basic input to many derived product algorithms [27, 28] . The CALIOP retrieved particulate backscattering coefficient b bp (blue dots) from Eq. (4) is compared with MODIS b bp at 443 nm (red line shown in Fig. 3(b) ) which was retrieved from quasi-analytical algorithm [29] . The MODIS level 3 monthly K d , R rs and b bp products are used here and can be downloaded from the NASA's Ocean Color website [30] . Lower panel of Fig. 3 gives the particulate VSF at the 180° scattering angle β p (π) from Eq. Figure 4 is CALIOP retrieved ocean subsurface backscatter γ t (blue dots) with colocated MODIS R rs results (red dots) on different 30° off-nadir measurement dates. Figure 5 is the corresponding particulate backscattering coefficient b bp comparison between CALIOP retrieved results (blue dots) and MODIS results (red dots). (2) is negligible because at 30° off nadir the ocean surface backscatter at 1064 nm is small compared to the subsurface backscatter at 532 nm as results shown in Fig. 2 . For example, the mean relative difference of γ t is about 0.89% with root mean square error of 3.5 5 
10
− × sr −1 when the factor of 0.7 in Eq. (2) has 15% uncertainty. For the cases shown in Fig. 4 , the mean relative differences between CALIOP γ t and MODIS R rs at each day are less than 10% with root mean square less than 3. 
Conclusion
Within this study, we introduce an approach for estimating the ocean subsurface layerintegrated backscatter γ t (sr −1 ) and particulate backscattering coefficient b bp (m −1 ) from CALIOP 30° off-nadir lidar measurements. The approach also provides a way to calculate the particulate volume scattering function at the 180° scattering angle that is difficult to measure in practice. The advantage of this method is that ocean surface backscatter at 532 nm is estimated directly from 1064 nm observations as ocean subsurface signals are near zero at 1064 nm due to the strong water absorption at this wavelength. The CALIOP retrieved γ t (sr −1 ) and b bp (m −1 ) compare favorably with results from MODIS ocean color data. The CALIOP retrieved ocean subsurface results can help understand the different optical properties of various water masses and quantify global ocean carbon stocks and ocean phytoplankton biomass. Our findings support the use of space-borne lidar measurements, such as CALIOP lidar for ocean subsurface studies.
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